Abstract Up to 25 % of patients discontinue adjuvant aromatase inhibitor (AI) therapy due to intolerable symptoms. Predictors of which patients will be unable to tolerate these medications have not been defined. We hypothesized that inherited variants in candidate genes are associated with treatment discontinuation because of AI-associated toxicity. We prospectively evaluated reasons for treatment discontinuation in women with hormone receptor-positive breast cancer initiating adjuvant AI through a multicenter, prospective, randomized clinical trial of exemestane versus letrozole. Using multiple genetic models, we evaluated potential associations between discontinuation of AI therapy because of toxicity and 138 variants in 24 candidate genes, selected a priori, primarily with roles in estrogen metabolism and signaling. To account for multiple comparisons, statistical significance was defined as p \ 0.00036. Of the 467 enrolled patients with available germline DNA, 152 (33 %) discontinued AI therapy because of toxicity. Using a recessive statistical model, an intronic variant in ESR1 (rs9322336) was associated with increased risk of musculoskeletal toxicity-related exemestane discontinuation [HR 5.0 (95 % CI 2.1-11.8), p \ 0.0002]. An inherited variant potentially affecting estrogen signaling may be associated with exemestane-associated toxicity, which could partially account for intra-patient differences in AI tolerability. Validation of this finding is required.
cancer recurrence compared to tamoxifen in postmenopausal women with hormone receptor (HR)-positive breast cancer [7] . Extended adjuvant AI therapy after 5 years of tamoxifen further decreases recurrence rates compared to placebo [8] . In addition to the selective estrogen receptor modulators (SERM), exemestane has been found to be superior to placebo for prevention of breast cancer in postmenopausal women at increased risk of disease [9] . Since there are now multiple endocrine therapy options for treatment and prevention of breast cancer in postmenopausal women, physicians and patients must weigh the risks and benefits of each therapeutic option when making decisions about choice of therapy.
Aromatase inhibitors have a different risk profile than SERMs. In addition to the increased risk of bone fractures and cardiovascular disease, AIs are also associated with bothersome side effects that can lead to intolerance and subsequent discontinuation of treatment [1, 11] . Cross-trial and direct comparisons have demonstrated that all AIs have similar toxicities, especially musculoskeletal and menopausal side effects [3, 10] . These observations suggest the side effects that are likely due to a class effect from aromatase inhibition. However, since several reports have suggested that patients who are intolerant to one AI can tolerate a different one, host factors may make a substantial contribution to drug tolerance [2, 14] . The most common toxicity leading to premature discontinuation of AI therapy is the AI-associated musculoskeletal syndrome (AIMSS), which has been reported in up to 25 % of patients [14] . Prior studies have implicated multiple clinical factors in development of AIMSS, including age, body mass index, prior taxane chemotherapy, and prior tamoxifen [5, 14, 18, 25] .
In addition to clinical factors, inherited or somatic genetic variants may impact benefit or toxicity from a medication [28] . For example, a possible association between a single-nucleotide polymorphism (SNP) in the aromatase gene (CYP19A1) and response to treatment with letrozole in metastatic breast cancer has been identified [4] . Likewise, investigators have reported potential polymorphisms associated with the presence of AIMSS, including a SNP in the gene TCL1A identified in a genome-wide association study (GWAS) as well as a variant in CYP19A1 [16, 19, 21] . None of these associations has been validated in an independent cohort.
The Consortium on Breast Cancer Pharmacogenomics conducted a prospective randomized clinical trial of exemestane versus letrozole in postmenopausal women with HR-positive breast cancer who were initiating adjuvant AI therapy. We prospectively collected whole blood for isolation of germ line DNA, as well as non-cancer clinical endpoints, including patient-reported reasons for treatment discontinuation [11] . For this exploratory endpoint, we hypothesized that we could identify or further assess associations between AI treatment discontinuation due to intolerable symptoms and inherited genetic variants in candidate genes identified because of their potential for involvement in biologically relevant pathways or through review of the literature.
Materials and methods

Patients
Postmenopausal women who had HR-positive stage 0-III breast cancer and were planning to initiate adjuvant AI therapy were enrolled in the Exemestane and Letrozole Pharmacogenetics (ELPh) clinical trial (clinicaltrials.gov NCT00228956) between August 2005 and July 2009. Detailed eligibility criteria have previously been published [11] . In brief, all recommended surgery, neoadjuvant or adjuvant chemotherapy, and adjuvant radiation therapy were completed before enrollment. Prior tamoxifen was permitted, but prior AI therapy was not allowed. The clinical trial was approved by the Institutional Review Boards at all three participating institutions (Indiana University, Johns Hopkins University, University of Michigan), and all enrolled subjects provided written informed consent.
Following enrollment, subjects were randomly assigned to exemestane 25 mg orally daily or letrozole 2.5 mg orally daily. Three subjects withdrew and were not randomized (Fig. 1) . Randomization was stratified based on prior tamoxifen, chemotherapy, and bisphosphonate therapy. At baseline and after 1, 3, 6, 12, and 24 months of therapy, subjects underwent serial clinical assessments. If subjects discontinued initial AI therapy before the 24 month study visit for any reason, reasons for study discontinuation were prospectively recorded on a case report form by the study coordinators [14] .
Sample processing and genotyping
Whole blood was collected at the baseline study visit from each study participant. DNA was extracted from whole blood using Qiafilter Blood DNA Maxi kit (Qiagen, Inc., Valencia, CA, USA). Germ line DNA was available from 467 (93.4 %) eligible subjects (Fig. 1) . DNA was not available for analysis from the remaining 33 subjects because of technical errors (n = 2), inability to obtain blood at baseline (n = 8), or insufficient quantity of DNA (n = 23).
At the time of protocol development, candidate gene variants were identified that are involved in AI drug metabolism (CYP2A6, CYP3A5), estrogen metabolism (ARVCF, COMT, CYP19A1), estrogen receptor (ER) signaling (ESR1, ESR2, PGR), co-regulation of ER (EP300, EZH2, NCOA1-3, NCOR1-2, NRIP, PELP1), and neurotransmitter and neuropeptide signaling (HTR1A, HTR2A, SCL6A4, HCRT, HCRTR1, HCRTR2). SNPs were included based on their potential functional significance and on mapping of tag SNPs. Before analyzing DNA, additional candidate SNPs near the TCL1A gene and in CYP19A1 were identified through ongoing review of the literature [16, 19] . In total, 178 candidate variants in 24 individual genes were identified. Genotype quality control was performed before analysis of the genetic associations. The 37 variants with minor allele frequencies less than 5 %, two that did not meet Hardy-Weinberg equilibrium, and one for which genotype could be determined in fewer than 80 % of subjects were excluded from analysis. A total of 138 variants in 24 genes were included in the final analysis. The reference SNP numbers, minor allele frequencies, and genotype frequencies for each analyzed SNP are listed in Supplemental Table 1 .
Genotyping for all SNPs, except for the TCL1A, CYP3A5, CYP2A6, and two of the CYP19A1 SNPs, was performed using the BioTrove OpenArray TM platform (Applied Biosystems, Inc, Foster City, CA, USA). The TCL1A SNPs were genotyped using individual TaqMan Ò genotyping assays (Applied Biosystems, Inc, Foster City, CA, USA). The assay numbers were C__1927667_10 (rs11849538), C__1927662_10 (rs7159713), C__1927663_20 (rs2369049), and C__29078024_10 (rs7158782) [16] . CYP3A5*3 was genotyped using the TaqMan assay (C__26201809_30). CYP2A6 genotyping was performed as previously described [6] . The CYP19A1 TTTA repeat (rs60271534) and TCT deletion (rs11575899) were determined using PCR and direct sequencing, as previously described [29] . For quality control purposes, *10 % of the samples were randomly selected and genotyped in duplicate using the same assay, and the overall concordance rate was 97 %.
Statistical analysis
The primary endpoint of the ELPh trial was the correlation between change in breast density with 2 years of AI therapy and inherited genetic variants in CYP19, the gene that encodes aromatase. These data will be reported separately. In the current study, the main exploratory objective was the correlation between early treatment discontinuation of AI therapy due to any patient-reported side effect and SNPs in candidate genes. Treatment discontinuation because of toxicity could have resulted from either request by the patient or recommendation of the treating physician. Secondary objectives of this study included (a) correlation between early treatment discontinuation of AI therapy due to AIMSS and SNPs in candidate genes, (b) correlation between early treatment discontinuation of specific AI medications due to any side effect and SNPs in candidate genes, and (c) correlation between early treatment discontinuation of specific AI medications due to AIMSS and SNPs in candidate genes. Discontinuation due to AIMSS was defined as premature discontinuation of AI therapy because of patient-reported intolerable arthralgias, myalgias, joint pain or stiffness, tendinitis, numbness or tingling, and/or carpal tunnel syndrome.
Discontinuation because of either any toxicity or AIMSS was analyzed as a time to event outcome.
Step-wise regression was used to estimate the associations between the discontinuation because of either any toxicity or AIMSS and SNPs and other clinical variables. The associations between the SNPs and discontinuation because of either any toxicity or AIMSS were analyzed either without or with justifying for the other variables. Three genetic models, specifically dominant, recessive, and additive, were used to test for the associations between SNPs and treatment discontinuation. Statistical significance was defined as a p value \0.00036 based on Bonferroni correction. Manhattan plots were presented to illustrate the statistical significance and the effect size of the SNPs. All the data analyses were performed in R. The data from this prospective trial are reported according to the REMARK guidelines [20] .
Results
Patient and sample flow
Five hundred and three subjects were enrolled on the ELPh trial ( Fig. 1) . Five hundred were randomized to exemestane (n = 248) or letrozole (n = 252), and the remaining three subjects withdrew before treatment initiation. Germline DNA was available from 467 (93.4 %) eligible subjects. Thirty-five eligible subjects with available DNA discontinued AI therapy for reasons unrelated to toxicity [letrozole, 13 (5.6 %) of 252 patients; exemestane, 22 (9.4 %) of 248 patients] and were excluded from these analyses [14] . Baseline characteristics for the 432 subjects included in these analyses are listed in Table 1 . The reference SNP numbers, minor allele frequencies, and genotype frequencies for each analyzed SNP are listed in Supplemental Table 1 . We previously reported treatment discontinuation rates for this entire patient cohort [14] . Of those with available germline DNA, 152 (32.5 %) subjects discontinued the AI because of toxicity. Of the 235 patients randomized to exemestane who had DNA available for genotyping, 84 (35.7 %) discontinued therapy because of toxicity. Of the 232 patients randomized to letrozole who had DNA available, 68 (29.3 %) discontinued therapy because of toxicity. There was a trend toward increased treatment discontinuation in exemestane-treated patients (p = 0.08). Of the patients who discontinued therapy because of toxicity, 64 (76.2 %) of exemestane-treated patients and 53 (77.9 %) letrozole-treated patients discontinued therapy specifically because of AIMSS, a difference that was not statistically significant (p = 0.21).
Associations between variants in candidate genes and discontinuation of AI therapy
Univariate analyses
We evaluated associations between candidate SNPs and discontinuation of AI therapy because of either any toxicity or AIMSS (Supplemental Fig. 1 ; Supplemental Table 2 ).
When assessed using a recessive model, an intronic variant in the estrogen receptor ESR1 (rs9322336) was associated with increased risk of discontinuation of exemestane therapy because of AIMSS {[HR 5.0 (95 % CI 2.2-11.8), p = 0.0002]; Table 2 ; Figs. 2a, 3a}. Analyses also demonstrated a trend toward an association between the same SNP in ESR1 and increased risk of discontinuation of exemestane therapy because of any toxicity {[HR 4.2 (95 % CI 1.9-9.2), p = 0.0003]; Table 2 , Fig. 3b} . A similar trend was not detected for letrozole, suggesting a drugspecific association (Table 2; Fig. 2b ). In addition, also after Bonferroni correction and using any of the genetic models, we failed to observe any statistically significant potential associations between the other candidate genetic variants and discontinuation of AI therapy because of either any toxicity or AIMSS (Supplemental Table 3 ).
Multivariate analyses
Step-wise regression was performed to identify clinical covariates that were associated with treatment discontinuation. As previously reported, age \55 and AI medication were found to be statistically significantly associated with discontinuation due to any toxicity [14] . Similarly, age \55, prior taxane chemotherapy, and AI medication were statistically significantly associated with discontinuation due to AIMSS in our study. After adjustment for the covariates, there remained a trend toward an association between the rs9322336 ESR1 SNP and treatment discontinuation because of AIMSS, with a hazard ratio of 3.2 (95 % CI 1.6-6.2), p = 0.0006. As shown in Supplemental Tables 4 and 5 , no other genetic variants were statistically significantly associated with treatment discontinuation in the multivariate analysis.
Other candidate gene variants
Other authors have reported a non-significant putative association between four SNPs in linkage disequilibrium near the TCL1A gene, identified by GWAS, and increased musculoskeletal toxicity (odds ratios 2.09-2.21) in patients who were treated with anastrozole or exemestane on a prospective randomized controlled trial (MA27), using a gene-dose model [16] . We therefore analyzed the association between the SNPs near TCL1A and discontinuation of AI therapy in the ELPh trial (Supplemental Tables 3-5) . Using a gene-dose model, in contrast to the findings in MA27 we observed just the opposite, a non-statistically significant trend toward an association between decreased likelihood of discontinuation of either AI because of toxicity and two of the SNPs, the imputed SNP (rs11849538) and a second SNP (rs2369049), with hazard ratios of 0.6 (95 % CI 0.4-0.9, p = 0.007) and 0.6 (95 % CI 0.4-0.8, p = 0.002), respectively. Using the same statistical model, there was a trend toward an association between decreased likelihood of discontinuation of exemestane because of toxicity and the same two SNPs (rs11849538 and rs2369049) with hazard ratios of 0.5 (95 % CI 0.3-0.8, p = 0.009) and 0.5 (95 % CI 0.3-0.8, p = 0.006), respectively. A similar trend was not seen for letrozoletreated patients.
Using data from a cross-sectional trial of women with AI-associated arthralgias, others reported an association between the presence of at least one eight-repeat TTTA n allele in intron 4 of the aromatase gene (rs60271534) and decreased likelihood of reporting AI-associated arthralgias [adjusted odds ratio 0.41 (95 % CI 0.21-0.79); p = 0.008] [19] . In contrast, we observed a non-statistically significant increase in AIMSS when at least one 8-repeat allele was present [HR 1.8 (95 % CI 0.8-1.8); p = 0.49]. In the letrozole-treated subjects the hazard ratio was 1.8 (95 % CI 0.96-3.3, p = 0.065), whereas in the exemestane-treated subjects the hazard ratio was 0.8 (95 % CI 0.4-1.5, p = 0.44). Similarly, no associations were noted for other TTTA repeat lengths.
Discussion
In this study, we identified a potentially clinically important association between an inherited germline genetic variation in the gene encoding ER alpha and discontinuation of AI therapy primarily because of musculoskeletal toxicity in postmenopausal women with HR-positive, early stage breast cancer. Musculoskeletal side effects have previously been found to contribute to non-persistence with AI therapy, which can negatively impact breast-cancer outcomes [14] . In addition, this association appears to be drug-specific, which could at least partially account for differences in inter-patient and intra-patient tolerability of the AIs [2, 14] .
Identification of patients who are more likely to experience intolerable AI-associated toxicity because of inherited genetic variants could permit better treatment decision making for women with breast cancer, who are starting adjuvant endocrine therapy. For example, if the presence of a SNP predicts development of toxicity from exemestane, as may be the case for the SNP in ESR1, it could potentially be used to select treatment with a specific AI. In addition, if a patient population could be identified that is at high risk for development of a specific toxicity, such as AIMSS, this cohort could be targeted for interventional trials to prevent or reduce the burden of such toxicities. In this regard, we have reported a pilot phase II trial suggesting duloxetine reduces pain related to AIMSS by *60 % [13] . If validated, the association between AIMSS and the SNP in ESR1 could be used to personalize this strategy.
The mechanism by which the SNP identified in our study contributes to the development of AI-associated toxicity is unclear. We are only aware of a single report regarding this intronic ESR1 SNP (rs9322336): a possible association with increased risk of ovarian cancer [23] . However, estrogen receptors have been shown to be present in multiple cell types in the central nervous system, and estrogen has been shown to have antinociceptive effects [17, 27] . Estrogen also has antiinflammatory effects, and pro-inflammatory cytokines can increase during menopause [22] , although studies of AIMSS to date have not demonstrated a direct effect of AI therapy on systemic inflammatory cytokine concentrations [12] . However, it is possible that estrogen is exerting an effect locally, such as within bone, joints, or the central nervous system. Since the effect that we identified appears to be primarily in exemestane-treated patients, it is also possible that the effect of the SNP could relate to an off-target effect of exemestane, rather than a direct effect on ER function.
Other associations between genetic variants in candidate genes and AI-associated musculoskeletal symptoms have been reported. In a cross-sectional study of patients receiving AI therapy, Mao et al. [19] explored potential associations between five polymorphisms in the aromatase gene (CYP19) and development of AI-associated arthralgias. They found that carriers of at least one eight (TTTA) n repeat in intron 4 had decreased risk of musculoskeletal toxicity (adjusted odds ratio 0.41). We were unable to confirm this finding in our cohort. One key reason why we may have been unable to validate the previous finding is the difference in phenotypic endpoint, since our study prospectively evaluated treatment discontinuation due to AIMSS, whereas the endpoint in the study by Mao et al. was a cross-sectional evaluation of patient-reported arthralgias. In addition, the possible effect observed in the ELPh trial was more prominent in letrozole-treated subjects. In contrast, the majority of subjects in the crosssectional study were treated with anastrozole, and only 20 % received letrozole. This possible drug-specific genetic association could also result in discordant findings between the two studies. Number of patients in total cohort or divided by aromatase inhibitor (AI) who discontinued therapy because of toxicity is given by genotype. Hazard ratios (HR) and corresponding p values are given for both aromatase inhibitors (AI) combined and for each AI individually AIMSS AI-associated musculoskeletal syndrome, CI confidence interval
We also failed to validate the previously reported finding of a potential association between SNPs in TCL1A and lower toxicity [16] . Since the findings in neither study met the stringent criteria for statistical significance, both observations may represent the play of chance. In addition, the phenotypic endpoints were not identical. In the ELPh study, we evaluated discontinuation of AI therapy because of intolerable toxicity, whereas in MA.27 the researchers evaluated a composite endpoint of CTCAE grade three or four musculoskeletal toxicity or treatment discontinuation because of musculoskeletal toxicity [16] . Furthermore, the GWAS approach taken in the MA.27 study is more prone to false discovery than the more limited candidate gene strategy used in our study. Regardless, a recently reported analysis from the randomized Arimidex, Tamoxifen, Alone, or in Combination (ATAC) Trial, revealed no association between the rs11849538 TCL1A variant and CTCAE-graded musculoskeletal toxicity [24] . Taken together, these data do not strongly suggest that this SNP is involved in the development of AI-associated musculoskeletal toxicity.
The strength of our observations is supported by the derivation of the data from a prospective, randomized clinical trial of patients treated with AIs from two different classes (steroidal and non-steroidal). Furthermore, reasons for treatment discontinuation were prospectively recorded. We were therefore able to evaluate associations between inherited genetic variants involved in estrogen metabolism and activity, and reasonably accurate measures of discontinuation of AI therapy because of either any drug-associated toxicity or, specifically, AIMSS.
Nonetheless, given the large number of gene variants that we analyzed, we applied a stringent statistical threshold to account for multiple comparisons. These corrections in this relatively small data set (n = 467) limit our ability to detect statistically significant associations.
An additional limitation is the lack of a standardized definition of AIMSS, and therefore the absence of objective criteria on which to base decisions to continue or discontinue therapy. Pain is an inherently subjective measure and can have a myriad of etiologies. Therefore, defining the primary endpoint as change in pain score between baseline and on-treatment study visit can be confounded by multiple factors including recent breast cancer surgery or chemotherapy (at baseline), lymphedema exacerbations, and preexisting arthritis. To minimize these confounding factors, we chose to use persistence of patient-reported symptoms despite conservative symptom management as the criterion on which treatment discontinuation decisions were made.
Non-adherence to therapy could confound our findings. Patients were queried about adherence to therapy at each study visit, but no formal adherence data were obtained. The majority of patients reported high levels of adherence to therapy, which was provided free of charge by the study. Because of the predefined cross-over in the event of treatment-emergent side effects from one treatment to the other with continued clinical trial participation, as well as the patient-reported high adherence to therapy, we do not believe that poor adherence likely substantially impacts our results.
In summary, discontinuation of AI therapy is a clinically important problem for women with ER-positive breast cancer, since decreased persistence with or adherence to AI therapy leads to worse breast cancer outcomes [15] . The findings presented here suggest that variants in the biologically relevant ESR1 gene may be associated with premature discontinuation of AI therapy because of musculoskeletal toxicity. Ability to identify patients using genetic testing who are at increased risk of developing toxicity may enable improved patient management. However, confirmation of this result in an independent cohort is important before it can be incorporated into clinical care [26] . Conflict of interest NLH receives research funding from AstraZeneca, Eli Lilly, and Sanofi Aventis. DFH receives research funding from AstraZeneca, Novartis, Pfizer, Veridex, and Janssen. DAF receives research funding from Novartis and Pfizer. VS receives research funding from Abbott, Abraxis, Merck, Novartis, and Pfizer. JMR received a research Grant from Pfizer. TCS, JD, LL, KK, CG, ATN, ZD, SO, SP, JSC, and AMS reported no conflicts of interest. 
